Members of the small family of Arabidopsis PSEU-DO-RESPONSE REGULATORS (PRR1/TOC1, PRR3, PRR5, PRR7, and PRR9) play roles close to the circadian clock in Arabidopsis thaliana. We have reported that the rice (Oryza sativa) genome also encodes a set of PRR counterparts (designated OsPRR1, OsPRR37, OsPRR59, OsPRR73, and OsPRR95 respectively). To gain new insight into the molecular functions of OsPRRs, we carried out genetic complementation analyses by introducing two representative rice genes, OsPRR1 and OsPRR37, into the corresponding Arabidopsis loss-of-function mutants (toc1 and prr7 respectively). The results showed that these OsPRR and AtPRR genes are genetically interchangeable at least in part, suggesting the conserved clock-associated function of these OsPRRs.
Circadian rhythms are intrinsically generated in cells of many organisms ranging from bacteria to man living on this spinning world. 1) In higher plants, circadian rhythms are closely relevant to a wide range of biological processes, such as changes in photosynthetic activities and photoperiodic control of flowering. 2) Recent studies of the model higher plant Arabidopsis thaliana have begun to shed light on the molecular mechanisms underlying the clock function.
3) The current best candidates for Arabidopsis clock components are a small family of homologous PSEUDO-RESPONSE REGULATORS (PRR1/TOC1, PRR3, PRR5, PRR7, and PRR9), 4) the founding member of which is TOC1 (TIMING OF CAB EXPRESSION 1) (Fig. 1) . 5) The structural features of these PRRs are quite similar to each other; a PRR protein consists of an N-terminal pseudo-receiver domain and a C-terminal CCT motif ( Fig. 2A and Fig. 4A ). 4) In addition to these PRRs, many other clock-associated components have been identified in A. thaliana.
3) They include another major clock component, CCA1 (CIRCADIAN CLOCK AS-SOCIATED 1), and its homolog LHY (LATE ELON-GATED HYPOCOTYL).
Homologs of Arabidopsis clock-associated components seem to be conserved in many higher plants, including the model monocotyledon rice (Oryza sativa), as we suggested recently (Fig. 1) . 6) We identified a set of rice genes encoding highly homologous PRR proteins, designated OsPRR1, OsPRR37, OsPRR59, OsPRR73, and OsPRR95.
7) Furthermore, we provided some evidence to suggest that these OsPRRs play roles close to the circadian clock in rice. 6) But this should be verified more solidly. The best way is to characterize the OsPRR genes through forward and/or reverse genetics in rice itself. An alternative approach is to conduct genetic complementation analyses, through which a given OsPRR gene is examined by introducing it into a corresponding Arabidopsis prr loss-of-function mutant. Here we carried out such genetic complementation analyses by employing two representative OsPRR genes, OsPRR1 (corresponding to AtPRR1) and OsPRR37 (corresponding to AtPRR7) (Fig. 1) . 6, 7) As judged by their structural features, the AtPRR7 and OsPRR37 proteins are highly homologous to each other ( Fig. 2A) . When the rhythmic expression profile of AtPRR7 was examined, it showed a robust peak at noon (Fig. 2B) . We have characterized a loss-of-function mutant (designated prr7-11), in which no PRR7 transcript was detected (Fig. 2B) . 8) On the other hand, we have isolated an OsPRR37 cDNA from rice. 6) In this study, this rice coding sequence was fused downstream to the genomic AtPRR7 promoter DNA sequence (extending from À860 to +1; the first nucleotide of the inferred ATG initiation codon was taken as +1) on an appropriate binary vector. This composite rice gene was then introduced into the prr7 mutant plant to establish Arabidopsis transgenic lines. Two independent homozygous transgenic lines carrying the AtPRR7-y To whom correspondence should be addressed. Tel: +81-52-789-4090; Fax: +81-52-789-4091; E-mail: t2706775@mbox.nagoya-u.ac.jp Abbreviations: PRR, PSEUDO-RESPONSE REGULATOR; TOC1, TIMING OF CAB EXPRESSION 1; CCA1, CIRCADIAN CLOCK ASSOCIATED 1; LHY, LATE ELONGATED HYPOCOTYL; Col, Arabidopsis thaliana ecotype Columbia promoter::OsPRR37 transgene were isolated (and designated L#71 and L#72). In the resulting transgenic plants, the expression profile of OsPRR37 oscillated rhythmically, as expected, suggesting that they were desirable for the subsequent complementation analysis (Fig. 2B) .
The clock-associated phenotypes of the prr7 mutant have been characterized, and the results showed the following phenotypes; (i) slightly long-period freerunning rhythms under continuous light (LL) conditions (Fig. 2C) ; (ii) hypo-sensitivity to red light in elongation of hypocotyls during early photomorphogenesis (Fig. 3A) ; (iii) late flowering under photoperiodic long-day (16 h light/8 h dark cycle) growth conditions (Fig. 3C ).
8) The question we asked was whether the introduced OsPRR37 gene in L#71 and L#72 is capable of complementing these clock-associated phenotypes of prr7.
First the rhythmic expression profiles of the Arabidopsis clock genes, AtCCA1 and AtPRR1, were examined under the growth conditions of LL ( Fig. 2C and D respectively). Interestingly, the long-period phenotype of prr7 reverted to a short-period phenotype in the transgenic plants carrying the OsPRR37 gene (carefully compare the positions of the peaks of AtCCA1 and AtPRR1 as between prr7 and L#71 respectively). This event was reasonably explained by assuming that the mutation was over-complemented with OsPRR37. Next, the phenotypes of L#71 and L#72 were characterized with regard to red light sensitivity during deetiolation ( Fig. 3A and B ) and photoperiodic control of flowering ( Fig. 3C and D) . When seedlings were grown on agarplates under a given fluence rate of red light, the length of hypocotyls of prr7 was significantly longer than that of the wild-type (Col) seedlings (Fig. 3A) . This red light hyposensitive phenotype was complemented in both L#71 and L#72 (Fig. 3B) . Finally, when plants were grown on soil under the long-day condition, prr7 plants flowered considerably later than Col (Fig. 3C ). This late flowering phenotype of prr7 under long-day conditions was also complemented in L#71 and L#72 (Fig. 3D) . Taking all this together, it was found that the OsPRR37 gene complemented (if not perfectly) the mutational lesions of prr7, suggesting that the rice OsPRR37 protein is capable of playing certain clock-associated roles in A. thaliana.
We conducted further complementation analyses by employing the OsPRR1 gene. The AtPRR1 (AtTOC1) and OsPRR1 proteins are highly homologous to each other in their structural designs (Figs. 1 and 4A ). We This non-rooted neighbor-joining phylogenetic tree was constructed using the amino acid sequence of the pseudo-receiver. OsPRR37 composite gene in a prr7 loss-of function mutant. Two independent transgenic lines (designated L#71 and L#72) were established, and grown under light-and-dark cycle (LD) conditions of 12 h light/12 h dark for 14 d. RNA samples were prepared from leaves at 3 h intervals and analyzed by northern blot hybridization, as described previously. C and D, A set of plants was grown in LD for 20 d and then released into LL (continuous light), as schematically shown (shaded bars indicate subjective night). RNA samples were prepared at 3 h intervals as indicated and analyzed by northern blot hybridization using a specific probe for AtCCA1 and AtPRR1, as indicated. As an internal loading reference, rRNA was detected by staining with ethidium bromide.
employed an appropriate prr1 loss-of-function mutant of A. thaliana (viz., the toc1-2 allele). 9) In Arabidopsis, the rhythmic expression of AtPRR1 has a peak at subjective dusk (Fig. 4B) . In the toc1-2 mutant, the last nucleotide in exon-1 (T) changes to G. Consequently, an alternative splicing occurs at a site downstream (13 nucleotides) from the normal donor site. Therefore, an anomalously spliced non-functional transcript accumulats (Fig. 4B) . 9) Hence this is a hypomorphic mutant of the PRR1 gene. The isolated OsPRR1 cDNA sequence, fused downstream to the genomic AtPRR1 promoter DNA sequence (from À1337 to +1; the first nucleotide of the inferred A, Seedling deetiolation was examined for Col, prr7, L#71, and L#72, as indicated, according to exactly the same procedures as those described previously. 8) The experiments were carried out in the dark and under a given fluence rate of red light. B, For quantitative examination, the lengths of hypocotyls were measured in seedlings (n > 20) that germinated normally. C, Flowering time was also examined for Col, prr7, L#71, and L#72, as indicated, according to exactly the same procedures as those described previously.
8) The experiments were carried out under long-day conditions (16 h light/ 8 h dark). D, For quantitative examination, leaf numbers were counted (left panel) on the bolting day (right panel), when the primary inflorescence (about 1 cm) was detected for plants (n > 15) by naked eye.
ATG initiation codon was taken as +1), was introduced into the toc1-2 mutant so as to establish stable transgenic lines. A homozygous transgenic line carrying the AtPRR1-promoter::OsPRR1 transgene was isolated (and designated L#11). In the resulting transgenic line, the expression profile of OsPRR1 oscillated rhythmically, as expected (note that we used an appropriate probe, specific to OsPRR1 but not to AtPRR1), 6, 7) suggesting that this transgenic line was desirable for the subsequent complementation analysis (Fig. 4B) . In this case, we characterized a single transgenic line (L#11), but we obtained fairly reasonable results.
The clock-associated phenotypes of toc1-2 were previously characterized, as follows: (i) short-period free-running rhythms under LL (Fig. 4C); (ii) hyposensitivity to red light in elongation of hypocotyls during seedling deetiolation (Fig. 4D) ; (iii) slightly early flowering under photoperiodic short-day (10 h light/14 h dark) growth conditions (data not shown). 9) First the rhythmic expression profile of AtCCA1 was examined in L#11 as compared with those in the wild-type (C24) and toc1-2. It was observed that the short-period phenotype of toc1-2 reverted (if not completely) to a nearly wildtype profile in the transgenic plants carrying the OsPRR1 gene. Then the phenotypes of L#11 were further characterized with regard to red light sensitivity during deetiolation (Fig. 4D) . When seedlings were grown on agar plates under a given fluence rate of red light (0.8 and 4.8 mmol m À2 s À1 ), the length of the hypocotyls of toc1-2 was significantly longer than that of wild-type C24. This phenotype was complemented in the transgenic line (Fig. 4D) . These results support the idea that the rice OsPRR1 protein is also capable of playing certain clock-associated roles in Arabidopsis, but it should be noted that the early flowering phenotype of toc1-2 under short-day conditions was not fully complemented in L#11 (data not shown).
In summary, the results of this study indicate that the OsPRR and AtPRR genes are genetically interchangeable at least in part, and support the view that the functions of clock-associated PRRs are conserved between A. thaliana and O. sativa. In other words, a better understanding of the Arabidopsis PRR clock components should provide general insight into the rice circadian clock. This is particularly intriguing when one consider the fact that the circadian clock is crucial for the photoperiodic control of flowering, which has a strong impact on reproduction and yield in many crops, such as rice and wheat. In fact, the agriculturally important determinant (i.e., a Quantitative Trait Loci designated Ppd-H1) of the barley photoperiod response has recently been cloned, and identified as an ortholog of AtPRR7 (or OsPRR37). 10) Hence the results presented in this study for the rice clock-associated PRR components perhaps provide general insight into the fundamental roles of circadian clocks in many crop plants, not only from the molecular biological viewpoint, but also from the agricultural viewpoint.
